The new epigenetic elements 5-hydroxymethyl-dC, 5-formyl-dC, and 5-carboxy-dC may be considered as intermediates of an active demethylation process. A comprehensive mechanistic model is given for the C-C bond cleavage focused on the chemistry within the DNA duplex structure. In addition we register spin-off chemistry of this process in evaluating new duplex systems closely related to natural DNA and RNA concerning their hydrogen-bond symmetrization. A model is composed for a base-specific inhibition of G and C on the DNA and RNA level. C-G combinations are of general importance in controlling the dynamics of gene expression. In some way the suggested model systems are related to antisense oligonucleotides (ASOs).
Introduction
It may be of interest to focus our attention specifically on the base manipulation as shown in recent studies related to the DNA conformation, especially at DNA systems for B-Z transition and their significance as epigenetic model [1] . Possibly, there is a consistency with a study with regard to the effect on the B-Z transition of the three different cytosine modifications i.e. 5-hydroxymethyl, 5-formyl, and 5-carboxyl as derived from 5-methyl cytosine, mediated by the TET (ten eleven translocation) family of enzymes, and known as new DNA bases on C P G dinucleotide sequences [2] [3] [4] . It was demonstrated that 5-hydroxymethylcytosine inhibits the B-Z transition, whereas the other bases facilitate this conversion [5] . At the same time a study showed the significance of 5-formylcytosine in altering the structure of a DNA double helix [6] . With X-ray the crystal structure of a DNA dodecamer with three 5-formyl C P G units shows a clear change in the conformation of the grooves resulting in helical underwinding, indicated as F-DNA. Hydrogen reduction results in 5-hydroxymethylcytosine under formation of a B-DNA structure. An interesting aspect is that the increase of concentrations of spermine results in conversion of the 5-formylcytosine containing oligomers into B-DNA. Apparently shielding of regiospecific phosphate anions plays an important role in this conformational change. It may be suggested to introduce 5-substituted cytosines with phosphate-methylated backbones (POCH 3 ) in these studies, as was done with the Z-conformation of the phosphate-methylated d(C P G). Even on the dimer level information will become available to predict the conformational behavior of corresponding long oligomers [7] . It may be helpful to investigate the parameters which might be responsible for the different conformations of DNA and RNA with respect to backbone-and base-manipulation. Methylation of the phosphate backbone inhibits the coordination via hydrogen networks with the phosphate backbone as present under natural conditions. From the output of the above-mentioned results it is evident that DNA may be a fascinating template for interaction with a diversity of molecular systems, vide infra. Generally, the focus on the new epigenetic compounds is based on the oxidation via TETenzymes of 5-methyl-deoxycytidine (mdC) to 5-hydroxymethyl-dC(hmdC), 5-formyl-dC(fdC), and 5-carboxy-dC(cadC) as shown in Figure 1 .
From the new cytosine compounds which were found in stem cell DNA, it was assumed that these 5-substututed ones may be considered as intermediates of an active demethylation process [8] . This process may include excision repair, C-C bond cleavage or deamination of hmdC into hmdU. Recent experiments of
Iwan et al. clearly demonstrated that with the incorporation of isotope labeled fdC into the genome of cultured mammalian cells, the formation of the unmodified dC can be explained by C-C bond cleavage [9] . At the same time we published an explanation for the exchange of information between these epigenetic bases and the DNA backbone via intramolecular phosphorylation in the case of hmdC under formation of dC and formaldehyde. The role of phosphorus in an activated state as trigonal bipyramidal intermediate shows, as demonstrated by model systems, its catalyzing function in the dehydroxymethylation, deformylation, and decarboxylation [10] .
The present paper is focused on the dynamics and molecular mechanism of the C-C bond cleavage as vital part of the suggested in vivo mechanism. Moreover, we will give attention to spin-off chemistry of the C-C bond cleavage with an introduction of hydrogen-bond bridging for the synthesis of new duplex systems and a model consideration of base-specific inhibition for guanine and cytosine on the DNA and RNA level. 
Results and Discussion

Theoretical Approach
A model study showed that the C-G pairing in the DNA duplex has an inversion center concerning the hydrogen-bridging part of the coupled bases as compared with the other combination T-A, see Figure 2 and Figure 3 , respectively. We suggest that this particular mode of symmetry-related interaction may lead to the synthesis of duplexes with installed physical-chemical and biochemical
properties. For the T-A pair we recognize rotamers around the N3-C6 link (T) and the N1-C4 link (A) separately. The absence of these rotamers in the combination C-G implies a specific role for the presence of an extra carbonyl group (T)in the absence of an amino group at C2 (A) necessary for the formation of a third hydrogen bridge as would be the case for 2,6-diaminopurine as substitute for A. This general view introduces a certain degree of genetic imperfection in DNA. In the case of T-A we are dealing with the lack of a hydrogen bridge, compared to C-G, in combination with the introduction of a conformational instability caused by the extra carbonyl group. In our opinion these considerations are also applicable on the RNA level of hybridization. In that case T is replaced by U. The missing of the 5-CH 3 group in U will have a beneficial effect on the spatial interaction in the case of a rotameric conformational change. It must be emphasized that this approach is based on certain symmetry elements present in these genetic systems. In order to promote or suppress these particularities in the duplex requires control of specific interactions with well-organized systems as complex networks of interacting proteins and enzymes.
With the model-based approach we could introduce a specific inhibition of G and C on a level different from the usual modified site specific DNA and RNA model compounds. This aspect will be further described under the latter two sections of Results and Discussion.
Based on recent work of Schiesser et al. with respect to the C5=C6 bonds of hmdC, fdC, and cadC (see Figure 1 ) in the presence of thiols as biologically relevant (organo) catalyst [12] , we recognized the impact of the Michael-addition reaction triggering the reconversion of dC.
For a molecular differentiation between duplex and individual bases we selected the sophisticated geometric ab initio calculations of the corresponding Figure 2 . Structure of the Watson-Crick pair C-G with bond distances (Å). The geometric parameters and visualization were obtained from the thesis of Fonseca Guerra [11] . [15] . In these systems the role of the protein has a stereoselective character that reflects in a certain way the combination of the phosphate shielding with a stereochemical fit with the duplex. This process of bioconjugation may be considered as an accommodation of autonomic properties resulting in an unexpected duplex form. This summary corresponds perfectly with the todays requirements for ASOs as has been recently explained particularly for the treatment of spinal muscular altrophy [16] .
The latter successful therapy is based on 18 nucleosides bound by phosphorothioate (PS) linkages in which one of the non-bonding oxygen atoms is replaced by sulfur. In contrast with the natural phosphodiester linkages the phosphorothioate modification demonstrates a high degree of metabolic stability and an improved cellular uptake [17] . Similar observations have been mentioned by us for phosphate-methylated DNA and RNA. These systems show an additional property based on the absence of phosphate-phosphate repulsion of the two strands between the modified DNA and RNA and their complementary strand i.e. increase duplex stability. The impact of the phosphorus chirality on the conformational behavior and corresponding duplex stability has been described, vide supra.
From recent literature it can be concluded that DNA has become a tool for the preparation and construction of highly ordered materials making use of the well-known locked nucleic acids based on their rigidity and their increased ability for duplex formation [18] . A combination of properties is in excellent agreement with the biophysical properties of phosphate-methylated DNA and RNA. Using the Watson-Crick duplex structure, we assume that our model delivers a contribution to the molecular mechanism of the C-C bond cleavage of C5-CH 2 OH, C5-C(O)H, and C5-C(O)OH within the duplex structure for the demethylation process, vide infra. It should be mentioned that in the representations as shown in Figure 2 and Figure 3 there was chosen for shielding of the phosphate anions by protonation [13] . In an elaborate study of the (bio)chemistry of phosphate-methylated DNA the significance of complete phosphate shielding was experimentally and theoretically described in a number of papers, demonstrating the unique (bio)chemical differences between natural and phosphate-methylated DNA, vide supra. The absence of the correct environment of water and counter ions as Na + etc. finds more or less a certain correction in proton shielding though with the negative aspect of the introduced complete proton shielding of the phosphate anions. Generally, our model description clearly shows the role of hydrogen bridging as is demonstrated by the phosphate shielding of the 5-formyl-deoxycytidines in the duplex of a DNA dodecamer comprising three 5fCpG sites, resulting in helical under winding [6] .
C-C Bond Cleaving Reactions via a Michael Addition
The hmdC, fdC, and cadC nucleosides as shown in Figure 1 were incorporated in oligodeoxynucleotides using the solid phase phosphoramidite chemistry or the PCR procedure [19] [20] [21] [22] . The 20-mers were constructed as hairpin loop structures containing four T's whereas the remaining part forms the double-stranded deoxynucleotides containing either hmdC, fdC or cadC. The C-C bond cleavage was obtained in a high concentration of thiols and under specific pH conditions. This concept was based on the experimental data that thiols are active side residues in DNA modifying enzymes [23] .
With these results in mind we focus on the fragments C6-C5-C4-N3 of the pyrimidine bases as shown in Figure 2 and Figure 3 for the single and dimer structures because the suggestion was put forward that a helper nucleophile (thiol) initiates at C6 a Michael-addition reaction resulting in dehydroxymethylation, deformylation, and decarboxylation with yields of 0.5%, 2.5%, and 28%, respectively [12] . It was established that the rate of conversion of hmdC in contrast to fdC and cadC is a slow process. Apparently the leaving capacity of the introduced substituents as formaldehyde, formic acid, and carbon dioxide plays a role in the overall conversion.
For that process the C6-C5-C4-N3 fragment of cytosine is the favored route. Accepting this model, the significance of the duplex structure is promoted by its ability of hydrogen bridging between N1-H1---N3 of guanine and cytosine respectively, thereby stabilizing the electron displacement by (partial) lone-pair fixation on N3. The displacement of bonds is shown in Figure 4 .
After activation of the C-G plateau by the nucleophilic addition of a thiol as given in Figure 4 , the cytosine fragment N3-C4-C5 is negatively charged resulting in C5 protonation. Summarizing, we introduce a modified model for the activation of the system for the C-C bond cleaving in which the DNA duplex structure is incorporated controlling with hydrogen bridging the displacement of the negative charge. This specific chemistry within the double-stranded DNA may contribute to the knowledge on the dynamics of proton transfer between the bases cytosine and guanine involved. clearly that under high-pressure conditions the possibility for proton displacement is opened under reduction of the transition between asymmetric and symmetric structures. In order to investigate these various aspects for more sophisticated biological systems, we are limited in our choice concerning the intrinsic symmetry elements, vide infra.
Concerning the T-A combination, the C6-C5 has double bond character necessary for initiating the Michael-addition reaction. However, the electron-accepting site is the C4=O group (see Figure 3 ) which can be considered as a dead end, reinforced by the absence of double bond character of C4-N3.
The mechanism for the C-C bond cleavage as proposed by Schiesser et al. follows a dynamic procedure [12] . However, it lacks structural necessities corresponding with the well-known elimination E1 and E2 profiles for such conversions. Starting with hmdC, the C5-CH2OH bond is poorly activated for the initiation of the C5=C6 bond in cytosine. For the overall process it means elimination of the CH 2 OH + cation under formation of formaldehyde. For the other compounds, the reactivity proceeding in the suggested direction will be strongly stimulated by carbonyl hydration indicated by change in the initial substitution for X. With the intermediate presentation in Figure 5 , as follows after protonation and shown in Figure 4 , the restoring of the C5=C6 bond can be demonstrated by the electron displacement under formation of X + , the short-living CH(OH) 2 and C(OH) 3 carbocations, and the thiolate anion RS − . In fact this is a nice demonstration for a simple conversion of an electron accepting group into an electron donating group illustrating the importance for biomolecular concepts in enzymatic processes.
As mentioned for fdC and cadC, the reactivity proceeding in the suggested direction will be strongly stimulated by carbonyl hydration as indicated by However, before protonation the formyl and carboxyl substituents may interact via their π -electron acceptance tendency with the donating N3-C4-C5
anionic fragment as shown in Figure 4 . This results in lowering of the C5 proton affinity. In the study of Raiber et al., it was shown that the hydrogen bond between the exocyclic amino group on C4 and the carbonyl group of the formyl substituent results in a single conformation of the bond linking the C5 and C(formyl) groups [6] . More recently, a similar study was published by Wang et al. for 5-formylcytidine, as previously discovered in the mitochondrial tRNA of many species including human, indicating that in RNA 5-formylcytidine also plays an epigenetic role. They found that the 5-formyl group could increase duplex thermal stability and enhance base-pairing specificity. This was shown for an X-ray of a self-complementary octamer RNA duplex 5'-GUA(5fC)GUAC-3'. The results showed that the 5-formyl group is located in the same plane as the cytosine base with an intra hydrogen bond of the formyl group with the exocyclic amino group on the C4 position, suggesting an agreement with the corresponding 5fC-containing DNA [26] .
From both studies it seems clear that the carbonyl group is in-plane with cytosine. On the other hand this conclusion is based on a crystallographic observation that may be at variance with the representation under dynamic conditions.
In the out-of-plane of the carbonyl group the basicity of C5 increases. On the other hand if the oxygen of the carbonyl group is protonated in consequence of its planar arrangement then via a keto-enol equilibrium C5 is still the preferred location for the proton.
Watson and Crick Hydrogen-Bond Bridging in Exploring New
DNA-Like Duplex Structures
Generally, research concerning Watson-Crick modelling is based on variation in sugar and base structures, and backbone conformations. As a new perspective we use the duplex structure as shown in Figure 2 and take the fragment as indicated in Figure 6 showing a new frame for a (possible) duplex structure as abstracted from the bridging in a C-G pair. So there are three duplex structures involved based on the locations of hydrogen between the nitrogens as shown in Figure 7 . Based on the arrangement of the participating atoms the center structure has C 2h symmetry. Taken for the N-H bond 1.06 Å, we derived for the distance of the symmetric center N---H---N bonding 1.413 Å (the N-N distance of 2.827 Å is in excellent agreement with corresponding distances in DNA).These calculations are based on the specific dynamics of the tetrahedral concept of Van't Hoff in the case of reactions with inversion of the reactive center [27] . The formation of an intermediate or transition complex with C 2h symmetry is so far of theoretical interest.
In a combined experimental, theoretical and Van't Hoff dynamics for identity methyl, proton, hydrogen atom and hydride exchange reactions the correlation with three-center four-, three-, and two-electron systems was clearly demonstrated. It may be possible that under selected conditions hydrogen-bridging symmetrization in combination with the presence of highly symmetric elements may be experimentally verified. For that purpose Figure 7 is illustrative. In this The latter aspect is one of the serious problems in the ab initio approach.
In exploring duplex structures with this specific symmetry element, we took with the same inversion center that accommodates a parallel structure. The result is given in Figure 9 .
Such a kind of interaction may be found in natural duplex DNA with C-rich sequences. Even in weakly acidic media a regiospecific dissociation of the C-rich strand from the complementary G strand occurs accompanied with duplex formation of the C bases and the N3-protonated ones in a parallel arrangement as shown in Figure 9 , demonstrating the key role of the inversion center realized by protonation of N3 as the result of the weak hydrogen bonding between N1-H and N3 shown for CG pairing in Figure 2 . The example is unique in comparison with the other bases. This generalization is based partly on research as given below.
Sarma et al. demonstrated a cytosine-cytosine base pair at pH equals 3 [28] .
As mentioned before, in the case of phosphate methylation we found a parallel DNA via two symmetry-related N4-H---N3 hydrogen bonds exclusively for the S configuration of phosphorus [1] [29] . A similar observation has been done for natural DNA dC oligomers in the presence of selected cationic oligopeptides as supported by molecular mechanics calculations [15] .
Later Gehring et al. described with NMR a tetrameric DNA structure with protonated cytosine-cytosine base pairs [30] . They solved the structure of the DNA oligomer 5'-d(TCCCCC)-3' at acid pH and concluded that the four-stranded complex with two base-paired parallel-stranded duplexes are closely associated with their bases intercalated. The structure is highly symmetrical on the NMR Recently there is in-vivo evidence for such cytosine-rich regions in the genome as was reported by Zeraati et al. [32] . They demonstrated that the i-motif structures have a key regulatory role in the genome.
Many interesting suggestions can be made in this field. We suggest an application based on the inverted hydrogen-bridging structure in relation to inhibition of genetic information on DNA and RNA level.
A New Model for Inhibition of Genetic Transfer
In this model we took profit from the duplex structures as shown in Figure 6 . This specific hybridization for G and C has been developed on the basis of the hydrogen bridging between these bases. This selected site for hybridization can be recognized on DNA and RNA level. In the case of G the inhibitor (Y) is uncharged whereas for C we are dealing with the corresponding salt form (YH + ). In the latter form there may be an extra stabilization through the protonated central nitrogen as shown in Figure 10 the usual hybridization technology. It is to be expected that a single strand of dG n and dC n or mixed combinations will exhibit some degree of secondary structure either by transient stacking or by base pairing in self complementary regions (mixed structure) especially focused on the impact of the inhibitors on the overall structure. We suppose that the structures of Y and YH + will accommodate the planar structures of G and C, respectively. Summarizing, in one part of the double stranded helix the stacking is absent which might be suggest flexibility favoring conformational transitions reflecting intermediates of the DNA in vivo dynamics.
During our research we came aware of a somewhat similar duplex formation in comparison with the structure given in Figure 7 . This self-assembled dimer complex was based on a quadruple hydrogen bonding [33] . The X-ray structure is given in Figure 11 .
Conclusion
The epigenetic elements 5-hydroxymethyl-dC, 5-formyl-dC, and 5-carboxy-dC may be considered as intermediates of an active demethylation process. A detailed mechanistic and theoretical model based on sophisticated ab initio calculations is given for the C-C bond cleavage as one of the possibilities for the reconversion of dC. This approach focused on the chemistry within the DNA duplex structure. There is a clear spin-off chemistry of this approach in evaluating new duplex systems related to the Watson-Crick duplexes concerning their Figure 11 . Self-assembled dimer complex through quadruple hydrogen bonding.
hydrogen-bond symmetrization [34] . A model is composed for a base-specific inhibition of G and C on the DNA and RNA level. This approach may be considered as an exclusive model within the synthetic biology.
